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ABSTRACT
xi
Thin layer chromatography and infrared spectroscopy
were used to identify the fatigue products of malachite
green, crystal violet, and new fuschine leucocyanides in
dimethylsulfoxide and reagent alcohol. In DMSO solutions,
a yellow substance with an absorption peak near 350 nanometers
and a decomposition product of DMSO were found. The latter
product appeared to be a mixture of several compounds, including
water, dimethylsulfite , and dimethylsul-fone, and was found to
cause unfatigued solutions to fatigue with no exposure.
In leucocyanide in reagent alcohol solutions , the
leuco-
hydroxide and leucoethoxide forms of the dyes were found in
fatigued solutions. The Rf values of these compounds were
used to identify the fatigue products of the leucocyanide
solutions . These compounds were found to have worse
photochromism than the leucocyanide forms of the dyes.
The photochromic properties of the leucocyanides were
determined for up to 200 exposures. The maximum density was
found to decrease linearly for a number of exposures and then
level off. The fade time stayed constant and then increased
exponentially. The yellow fatigue product concentration in
DMSO increased exponentially and then leveled off, and the
leucoethoxide fatigue product in reagent alcohol concentration
increased linearly.
A three factor ANOVA was performed on malachite green and
crystal violet leucocyanide in DMSO, with oxygen level, water
m
level, and tempurature as the factors. Some water was found
to be beneficial to photochromism and fatigue. Temperature
had an adverse effect on maximum density and fatigue, and
oxygen had little effect by itself, but did interact with
water to increase photochromism and fatigue. A subsequent
investigation showed an optimum level of water for both
photochromism and fatigue at fifteen percent water.
iv
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INTRODUCTION
Photochromism is a reversible absorption change brought
about by an exposure to a suitable activating source.
Photochromic systems have resolution on the order of the
2
wavelength of the exposing radiation. Images can be erased
3
and new images can be added on. The systems have low sensi-
. . 4
tivities and suffer fatigue after repeated exposures.
Fatigue is characterized by a lower amount of density upon
exposure and a longer fade rate of that density. A better
understanding of this fatiguing is needed so that its elimi
nation can be realized.
A. Properties of Triarylmethane Leucocyanides
The photochromic properties of derivatives of triaryl-
5
methane dyes have been known about for the past sixty years.
These compounds are only photochromic when they are in solution,
Triarylmethane leucocyanides, such as the malachite green
leucocyanide shown in Figure 1, have quantum yields of close
to 1.0, and have been investigated for use as ultraviolet
actinometers . More recently, they have been investigated
7 8




and photoreversible photographic systems.
The photochromic leuco compounds were first synthesized
from the triarylmethane parent dyes by introducing the desire
anion into aqueous solutions of the dye, then filtering out
the precipitated leuco compound, and performing many
recrystali-
zations to purify the leuco compound. Tobin et al. improved
this process by using dimethylsulfoxide as the reaction medium.
The leuco compound is soluble in DMSO and does not precipitate
out with impurities as it does in water. This eliminates many
of the recrystallizations .
The photochromic leucocyanides readily dissolve in
non-
polar solvents, but they have better photochromism in polar
solvents. The solubilities of different triarylmethane
leucocyanides in the same solvent vary widely. The con
centration of leucocyanide in solution determines the density
that will be produced upon exposure. Too much leucocyanide
in solution causes internal filtering, where the first radiation
colors the dye on the edges of the solution, which prohibits
further radiation from exposing the center of the solution.
The concentration of the anion in solution determines its fade
rate. A 2.5 to 14 fold mole ratio excess of anion is usually
12
needed for the solutions to fade completely after exposure.
Upon irradiation with 220 to 340 nanometer ultraviolet
radiation, the colored form of the leucocyanide dye is produced.
When the radiation is removed the color fades with a second
order fade rate of the form:
Fade rate = K (dye ) * (anion ) .
There is a possibility that there are several
different anions
13
in the solution competing for the dye cation.
B. Mechanisms for Photochromism in Triarylmethane Dyes
Lifschitz et al . proposed that when irradiated, malachite
green leucocyanide in ethanol underwent a simple reversible
reaction between a colorless un-ionized form and a colored
14
ionized form , as shown in Figure 1. The colored form is
actually a resonant hybrid, so no particular nitrogen group
contains the positive charge. Harris et al. proposed that
15
the reaction was not that simple. They showed that when
water was present in the solution the exposed and faded
solution colored when hydrochloric acid was added, but the
unexposed solution did not color. They proposed that the
photo-product hydrolysed during the dark reaction, this was
not a reversible reaction, and the hydrolysed photo-product
was still photochromic.
Germann and Gibson measured the ultraviolet absorption
of unexposed malachite green leucocyanide, the photo-product,
1 fi
the dark reaction product, and the leucohydroxide. They
found the dark product to have an absorption peak near 360 nm. ,
while the other three compounds all had minima there. They
concluded that the dark product was not the leucocyanide or
leucohydroxide. It Was another compound which is colorless,
has absorption near 36 0 nm. , is formed easier as the amount
of water in the solution increases, and decomposes to the
colored dye ion when hydrochloric acid or over 15% water was
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Figure 1. Mechanisms for Photochromism.
with UV radiation. They theorized that the compound may be
formed by a reaction between the dye and the solvent, and that
it could be the leucoethoxide of the dye.
Holmes showed that the dark product of malachite green
leucocyanide could either be the leucocyanide, the leucoethoxide,
or the leucohydroxide in solutions of high dielectric constants,
depending upon the water, ethoxide, or cyanide content of the
17
solution
, as shown in Figure 2. He also found the
wave-
lengths of maximum UV absorption for the unexposed leuco
cyanide to be 272 nm. , the leucohydroxide to be 267 nm. , and
the leucoethoxide to be 265 nm.
C. Fatigue in Triarylmethane Dyes
The fatiguing of the derivatives of triarylmethane dyes
is one of their major drawbacks. Their extinction coeffi
cients are approximately twice those of photochromic
spiro-
pyran compounds. Under identical exposure consitions, however,
18
the spiropyrans yield more density. One possible explana
tion for this is that the triarylmethanes are fatiguing more
during exposure than the spiropyrans . The mechanisms of
19
fatigue in the triarylmethanes have not been studied directly.
Isolation and identification of their fatigue products would
help explain the fatiguing mechanisms and also help explain
the mechanisms for photochromism. Once the fatiguing mechanisms
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the fatigue, making the triarylmethane compounds more useful
in photochromic systems .
Several possible fatigue mechanisms have been proposed
in the literature. The three dark products found by Holmes
all have different photochromic properties which may be part
of the fatigue. Holmes also proposed that a free radical
formed in the solutions during exposure, especially with
21
solvents of low dielectric constants.
*
Sporer found evidence
of these free radicals in solvents of both high and low
dielectric constants, using a vinyl chloride monomer which
22
was polymerized by the radicals. They were more difficult
to detect in the higher dielectric constant solvents because
they were masked by the dye. He proposed that they were
formed by the substituent groups breaking off from the nitrogen
atoms on the aryl groups. These radicals could become oxidized,
react with the solvent, or initiate a chain reaction which
23 24
would prevent the dye from forming. Shigorin et al.
used fluorsecence spectroscopy to identify a free redical of
the crystal violet leucobase. The radical had maximum fluo
rescence at 580-590 nm. , and the structure shown in Figure 3.
They proposed that an electron is captured by an active
component of the solvent which gives the dye molecule a
positive charge.
Dreyer and Harries found that fatigue in triarylmethane








Figure 3. Free Radical of Crystal Violet Found by Shigorin
et al.
from the solutions, which would lead to the formation of
the non-photochromic leucobase.
Allinikov found that the enzyme papain greatly lessened
25
the fatigue of these bisulfite solutions. He suggested
that the enzyme was acting like a cage to keep the ions
closer together during exposure.
Water and oxygen in the solutions were found to help
promote the fatiguing reactions. It
is"
thought that the
wavelengths below 300 nm. are primarily responsible for the
fatiguing of these dyes, due to the higher energy of the
2 6
shorter wavelengths. It may be possible to lessen fatigue
by filtering out these wavelengths.
The parent dyes from which the photochromic dyes are
produced show fatigue by fading when exposed to ultraviolet
radiation for extended periods of time. Iwanoto found that,
when exposed to sunlight and air, malachite green was
converted to p-dimethylaminobenzophenone and crystal violet




pararosaniline, and the colorless hydroxide.
D. Environmental Effects of Triarylmenthane Dyes
The photochromism of triarylmethane dyes is greatly
affected by the solvent that is used. Solvents of different
dielectric constants and dipole moments appear to have
2 8
different photochromism mechanisms. The wavelength of
10
maximum absorption of the exposed solutions differs depending
upon the solvent used. The fatigue products and mechanisms
may also be different for different solvents.
Most previous work with photochromic triarylmethane dyes
has been done with ethanol as the solvent. It is polar
enough for good photochromism and the small amounts of dye
used in the solutions will dissolve in it. It also will
dissolve both covalent and ionic species, which is needed
29
because ions are generated when the dyes are exposed.
Reagent alcohol, which contains 95% ethanol and 5% propanol,
also has been used as a solvent. Both of these solvents
may contain fusel oil, aldehydes, ketones, esters, and water.
The impurities may play a part in the photochromism and
fatigue of these dyes. Both of these solutions can be
purified by distilling with a benzene azeotrope and storing
30
on a molecular sieve or Drierite.
Another useful solvent for photochromic triarylmethane
dyes is dimethylsulfoxide. It dissolves both inorganic and
organic compounds. These dyes have high solubilities in
DMSO and it is very polar,
which promotes photochromism. This
solvent is very hygroscopic and may contain other compounds,
like dimethylsulfone. It has an equilibrium of 10% water at
20C. It partially decomposes during boiling, depending on
the impurities present. It can be dried by being in contact
11
with barium oxide or Drierite for several days with occasional
shaking.
In triarylmethane leucocyanide solutions, the color
forming reaction is not affected very much by changes in
solution temperature. The fading reaction, however, is
accelerated by increased temperature. The rate of fatiguing
is also increased by increased temperature, especially in
bisulfite solutions, due to the loss of .sulfur dioxide and
32
oxidation to sulfate.
As can be seen in Figure 4, the density produced by a
triarylmethane leucocyanide is dependent on the pH of the
33
solution. Less density is formed at high or low pH's
because of the formation of the leucohydroxide or salt,
respectively. The most density is produced between a pH of
four and six.
E . Chromatography
There are a few different methods of chromatography
34
that could be used to separate solution components.
Classical column liquid-solid chromatography uses a finely
divided solid as an adsorbing surface in the column and a
liquid to move the components through the column. Separa
tions occur as different molecules are retained for different
lengths of time on the adsorbent. With a polar adsorbent
like alumina, polar compounds are retained longer than
non-
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Figure 4. Effect of pH on Density of Malachite Green Leucocyanide
33
13
active sites on the adsorbent. By increasing the polarity of
the eluting solvent during the separation, the solutes can be
separated and moved through the column to be collected at the
bottom. The solutes will be collected in order of increasing
polarity. This procedure is good for substituent group
35
separations.
Thin layer liquid-solid chromatography consists of
plastic plates covered with a thin layer of the adsorbent.
A small amount of the solution to be separated is spotted
near one edge of the plate. The spot is dried and the plate
is put vertically into a developing tank which contains a
small amount of the eluting solvent. The edge of the plate
sits in the solvent, which is allowed to migrate up the plate.
As it travels, it moves the sample, which causes the separation,
When the solvent front reaches near the top of the plate,
the plate is removed from the tank, the position of the
solvent front is marked, and the plate is dried.
The separated spots are detected by a number of methods.
If plates are used which contain a fluorescent indicator,
ultraviolet radiation can be used to detect compounds which
quench fluorescence. If non- indicator plates are used, UV
radiation can be used to detect compounds which themselves
fluorese or color when exposed to UV, like photochromic
triarylmethane dyes . Iodine vapors can be used to detect
most organic molecules . Aqueous solutions of fluorescein or
14
iron trichloride can be sprayed on the plates to detect
conjugated systems or phenols and enols
, respectively, and
alcohol solutions of 8-hydroxyquinoline will detect inorganic
-3fi
cations. These methods can detect substances down to 0.1
micrograms. The R -values , which are the distance the sample
moved divided by the distance the solvent moved, can be used
to identify the separated components by comparing them to
Rf values of pure substances spotted an<J developed using
the same plates and developing solvent. This technique is
also useful as a screening technique for finding suitable
eluting solvents and adsorbents for column chromatography.
If the sample is deposited as a line instead of a spot,
thin layer chromatography can be used as a preparative
method. The separated components can be collected from the
plates and used as pure substances . Techniques exist for
collecting the separated component onto potassium bromide
38
for use in infrared spectroscopy -
If the components are volatile enough, an inert gas as
the mobile phase in a gas chromatograph will separate these
components based on their boiling points. Another method
uses eluting solvents under high pressure to move the sample
through the column. Separations are similar to column
chromatography but occur much faster. Both of these techniques
use a much smaller sample size than column chromatography,
but they involve more sophisticated equipment. They can also
15
be linked directly to infrared or nuclear magnetic resonance
spectrophotometers, or mass spectrometers, eliminating sample
collection procedures and losses.
Some chromatography has been used to separate components
of photochromic dyes, although very little has been done
with triarylmethanes. Thin layer and column chromatography
have been performed on spiropyran photochromic compounds,
using silica gel plates, a carbon tetrachloride and chloroform
39
eluting solvent, and ultraviolet detection. Unirradiated
and irradiated solutions were separated, but not fatigued
solutions. It has been reported that silica gel causes the
40
spiropyrans to color when adsorbed , but no mention has been
made of the effect of alumina on them.
F. Spectroscopy
Infrared spectroscopy consists of scanning a substance
with infrared radiation and recording the absorbance as a
function of wavelength. Each molecule has a distinct spectrum
due to the vibrations and rotations of the atoms within the
molecule, so this method is used to identify unknown substances.
Spectroscopy is best performed with pure samples, but unwanted
component absorptions can be cancelled out with a reference
sample. One of the best sample preparation techniques
involves incorporating the sample into a potassium bromide
pellet. Potassium bromide is transparent to infrared radiation
16
so only the sample absorption is measured. Colthrup charts
and books of reference spectra are used to identify the
41 42
spectra of unknown samples.
'
Nuclear magnetic resonance spectroscopy is similar to
infrared, except that radio frequencies are used and the
spectra are produced by the atomic rotations of protons or
13
carbon atoms in the sample, when it is placed in a magnetic
field. Deutered solvents are used, where the hydrogen atoms
are replaced with deuterium atoms, to eliminate interferences
from the solvent. Multiple scans of the samples are usually
done to increase the signal to noise ratio. This method is
good for identification of all the functional groups within
a molecule, whereas infrared spectroscopy shows the
configura-
43
tions within a molecule.
Ultraviolet and visible spectroscopy records the absorp
tion due to atomic outer shell electron transitions. This
method produces the least distinct spectra, and is mostly
used for quantitative analyses. It is used to determine which
wavelengths photochromic dyes absorb to color and then which
wavelengths the colored form absorbs. The visible absorption
spectra of the colored triarylmethane dyes was found to be
mostly the absorption of the parent dye, although some
dif-
44
ferences arise with different solvent systems. Most
triarylmethane dyes have intense absorption between 622 nm.
and 6 36 nm. when colored, absorption which is less intense
17
between 408 nm. and 426 nm. , weaker between 306 nm. and 318 nm. ,
45
and strong between 252 nm. and 260 nm. A typical spectrum
appears in Figure 5 . The leucocyanide spectra are very
similar to the leucohydroxide spectra due to the cyanide and
46
hydroxide groups not absorbing in the usual ultraviolet.
Nuclear magnetic resonance spectroscopy has been used
47
by MacNair to identify leucobases of triarylmethanes.
Some infrared spectroscopy has been performed on parent
triarylmethane dyes. Suzuki et al. produced IR spectra of
48
many parent dyes using potassium bromide pellets. Kemula
and Axt recorded the change in the IR spectrum of malachite
49
green after the solution was kept for twelve days.
Sidorov and Vartanyan produced gas samples by sublimating
malachite green dye and leucobase at 120C and recording the
50
IR spectra from the gas phase. A few spectra of malachite
green are shown in Figure 6.
G. Experimental Precautions
When dimethylsulfoxide is used as a solvent for cyanide
compounds, rubber gloves must be worn because it promotes
51
molecular transfer through the skin. Cyanide solutions
cannot be poured down the drain because of the possibility of
hydrogen cyanide gas forming. These solutions have to be

























































The chromatography and spectroscopy have to be carried
out in tungsten illumination only. The solutions should not
be exposed to any ultraviolet radiation after they are made,
except for the exposing unit and spectrophotometers.
H. Objectives
The hypothesis of this thesis was that fatigue products
of photochromic triarylmethane dyes could be isolated by
chromatography and identified by infrared spectoscopy.
After the products were identified, their concentrations
could have been monitored as different compounds of the
photochromic systems were changed. From this, a clearer
understanding of the fatiguing mechanisms and the photo




The equipment needed to perform this thesis project was
obtained from the Photographic Science and Chemistry Depart
ments of the Rochester Institute of Technology. A device
was put together by Robert B. Bay ley for his Master's Thesis
which simultaneously exposes and records the density change
of a photochromic dye solution. This device was acquired
so that the exposing system would be standardized for photo
chromic dye experiments at R.I.T.
A detailed description of the exposing unit can be found
52
in Robert Bayley's Thesis. The unit consists of a quartz
spectrophotometer cell to hold the dye solution, two Honeywell
Stroboner 202 forty joule strobe lamps for exposing the dyes,
a Bauch and Lomb Spectronic 20 monochrometer for providing
monochromatic illumination for density measurements, a
MacBeth RD-100 Reflection Densitometer, modified so as to
measure the monochromatic density of the dye solution at any
time, and a Hewlett-Packard HP7015A X-Y Plotter for plotting
density as a function of time. A small fan was used to
keep heat from building up around the exposing cell.
Figure 7 shows a schematic diagram of the unit. Figure 8
shows the actual unit with the fan removed for clarity, and

































































J Fifteen Second Intervalometer
K Counter and Control Unit
L Seven Minute Intervalometer
M Neutral Density Filter
N Voltage Stabilizers
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The wavelength setting on the monochrometer was calibrated
by putting a didymium filter in the exposure plane and setting
the wavelength dial to 555 nanometers, which is one of the
wavelengths where the filter has maximum transmittance, as
shown in Figure 9. The mirror used to deflect the light
from the monochrometer to the exposure plane determines which
wavelength is directed at the exposing cell. This mirror
was rotated slightly until the plotter showed a minimum
density and then retightened. The calibration was then
checked at 4 95 nm. , where didymium has another maximum
transmittance. The plotter had to show another minimum
density at this wavelength setting or the calibration was
redone.
Before each dye solution was exposed, the density was
calibrated. The wavelength of the monochrometer was set to
the wavelength of maximum absorption of the dye solution and
the filter setting on the densitometer probe was set to give
maximum density difference on the plotter. The exposing cell
containing the unexposed dye solution was put in the exposing
unit and the zero density was set on the plotter using the
zero control. A 1.0 wratten neutral density filter was placed
in the density measurement path along with the exposing cell,
and the 1.0 density was set using the calibration control.
The linearity was then checked by replacing the filter with a








before an exposure series and checked after a series. Room
lights did not affect the density readings unless they were
directly overhead of the exposing unit. Only the lights on
the opposite side of the room were used when density was
being measured.
Some modifications were made to the original exposing
unit. The original unit had a spectrophotometer cell with a
one by ten millimeter sample compartment and a loose fitting
teflon lid. The capacity of this cell was around 0.5 milli
meters, which was not enough for column chromatography. Also,
since the fatiguing of the dyes took more than one day to com
plete, the lid allowed evaporation of the solutions. A new
cell was obtained which has a four by ten millimeter sample
compartment and a tight fitting teflon stopper. The cell has
a capacity of 1.5 ml. and is made of Silicar, which has
transmittance down to 165 nm. Figure 10 shows this cell in
the exposing unit. The exposure was done along the 4 mm.
path to keep internal filtering down and density was measured
along the ten millimeter path.
Because the monochromotor and densitometer are on AC
circuits, the plotter was showing some AC ripple. The pen
was vibrating slightly, providing a rough trace and doing
possible damage to the servo motor. A low pass filter was
made and placed in the line between the densitometer and the
plotter. Figure 11 shows the schematic diagram and a photograph
28









Figure 11. Low Pass Filter.
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of the filter. The filter has a cut off frequency of thirteen
cycles per second, which completely eliminated the sixty
cycles per second noise in the line.
The strobes are flashed by shorting out two contacts on
either of the strobes. They are both slave units and fire
along with each other. The original unit had a manual firing
switch and a seven minute intervalometer. A system was
developed to allow a dye solution to be exposed and then re-
exposed whenever the density faded to zero. Two microswitches
were mounted on the pen control arm of the plotter. These
can be adjusted so that whenever the pen reaches zero, the
strobes will fire. A counter is also advanced so that the
number of exposures a solution receives will be known. With
this modification, the dyes can be automatically exposed
repeatedly. A fifteen second intervalometer was also built
for exposing non-photochromic dye systems, using a four
revolutions per minute motor and a microswitch. A control
system allows the counter to be used with any exposure device.
Figure 12 shows this modification.
The thin layer chromatography equipment, which can be
seen in Figure 13 and is listed in Table 2, consisted of Kodak
Alumina and Silica Gel thin layer chramotographic plates
containing a fluorescent indicator and alumina plates without






























































as developing tanks. They were lined with Wratman #4 filter
paper and the developing solvent was added to a depth of half
a centimeter one hour before any plates were developed. The
plates were cut to ten by six centimeters and spotted with
five microliter disposable micro papets . At times the plates
were spotted repeatedly to increase the concentrations of the
spots. A warm air blower was used to dry the plates after
development and a 254 nm. Ultra-violet Products, Inc.
Minera-
light Ultraviolet Lamp was used to detect the separated
components. Iodine vapors, fluorescein, and iron trichloride
were also used as detection methods. The latter two compounds
were put in aqueous solutions and sprayed onto the plates
using a small aerosol sprayer. The Rf values of the separated
components were found by marking the spotting line before
development and the solvent front after development, and
using equation (1) .




Table 2. Thin Layer Chromatography Equipment List.
A Thin Layer Plate
B Disposable Micropipet
C Developing Beaker
D Hot Air Blower
E Ultraviolet Lamp
F Iodine Vapor Visualizing Beaker
The column chromatography was performed in a 750 milli
meter long pyrex column with a 25 mm. inside diameter. An
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80-2 00 mesh alumina adsorbent was used in the column. The
fractions were collected by hand in 13 by 100 mm. test tubes.
The infrared spectroscopy was performed in either a
Perkin Elmer 25 7 or a Perkin Elmer 137 Infrared Spectrophoto
meter, depending on which was available at the time needed.
From scans of polystyrene film, the accuracy of the P.E. 25 7
was found to be - .02 microns and the P.E. 137 was found to
be - .04 microns at 3.303 microns and 6.238 microns. Liquid
samples were held in sodium chloride sealed cells with a 0.1 mm.
path length. A matching cell was used to hold the reference
solution, if one was used. Before any infrared scans were
made, the cells were tested for matching by putting reference
solution in each one and scanning at all wavelengths . Any
deviation from a straight line that was more than 10% trans
mittance was not tolerated. Potassium bromide pellets were
made from solid samples and evaporated solutions by adding
approximately five milligrams of the solid or one milliliter
of the liquid to 100 mg. of KBr. This was ground and mixed
with an agate mortar and pestle and pressed for one minute
in a Wilks Mini Press. Only pellets with base transmittances
of 20% or above were used.
The ultraviolet and visible spectroscopy was performed in
a Beckman DK-2A Spectrophotometer, using a hydrogen lamp for
the ultraviolet spectra and a tungsten lamp for the visible
spectra. Samples were held in a four by ten millimeter quartz
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semimicro cell with a matching cell for the reference solution.
The cell match was tested each time the reference solution
was changed. This spectrophotometer has an accuracy of
- five
nanometers in the visible region and - one nanometer in the
ultraviolet region, due to the expanded scale in this region.
Three different photochromic triarylmethane leucocyanide
dyes were obtained. These were malachite green, which was
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synthesized by Paul Berg in 1973 , and crystal violet and
new fuschine, which were synthesized by Robert Bay ley in 1976
All three dyes were produced using the Tobin method, and
stored in the dark in airtight containers. The parent non-
photochromic dyes used to produce the leucocyanides were also
obtained. All of the solid leucocyanide crystals contained
some parent dye. The malachite green and new fuschine leuco
cyanides only had slightly green and pink colors, respectively,
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but the crystal violet had a dark purple color
Tests were run to determine the proper concentrations
of leucocyanide and sodium cyanide. Sodium cyanide had to be
added to get the solutions to fade after exposure since polar
solvents were being used. To get densities around 1.0 with




M leucocyanide and 2 x 10 M sodium cyanide
concen-
-3
trations were used. A standard solution of 4 x 10 M
leuco-
_3
cyanide and one of 2 x 10 M sodium cyanide in the appropriate
solvents were made up to keep errors due to weighing down to
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a minimum. The solids were weighed out on a micro balance
which can weigh down to 0.01 milligrams. The photochromic
system was made by pipeting 10 ml. of each standard solution
into a 100 ml. volumetric flask which was then filled to the
mark with solvent. Robert Bay ley used this approach with his
thesis project and reported that the standard solutions did
5 7
not decompose or fatigue for up to one month . After one
month, new standard solutions were made. 'See Appendix A.
A few different solvents were used in the photochromic
systems. Systems with dimethylsulfoxide, reagent alcohol,
chloroform, acetone, and ethylacetate were tried. The latter
three showed very poor photochromism and were not used.
Since the wavelength of maximum absorption depends on the
solvent of the system, this wavelength had to be determined
before any density measurements could be taken of the systems.
This was done by making just a dye leucocyanide and solvent
solution without any sodium cyanide. The solution was exposed
and it would color but not fade. Visible absorption spectra
of the solutions were then obtained and the wavelength of
maximum absorption determined.
As the photochromic solutions were fatigued, the density
was recorded as a function of time. From these traces the
maximum density obtained was seen and the fade time was calcu
lated. The fade time was defined as the time it took for the
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5 8
solution to reach one half of the maximum density obtained
Since for most of the solutions the maximum density would
decrease first as the solution was exposed repeatedly and
then the fade time would increase, the solutions were con
sidered fatigued when the fade time increased around ten times
from that of the first exposure.
B. Thin Layer Chromatography
In order to determine a separation procedure, unfatigued
and fatigued malachite green leucocyanide in reagent alcohol
solutions were spotted on alumina and silica gel thin layer
chromatographic plates containing a fluorescent indicator.
Acetone, chloroform, ethylacetate , benzene, and toluene
were tried as developing solvents. Ultraviolet radiation,
iodine vapors, fluorescein, and iron trichloride were used
for detection of the separated components. A separation was
desired where the dye would show up in the middle of the
plate, allowing slower and faster moving components to be
detected. The alumina plates with toluene development produced
such a separation, and the components were detected with the
ultraviolet radiation and iodine vapors.
A purple fluorescent spot showed up from both the
unfatigued and fatigued solutions on the plates with fluo
rescent indicator. These spots did not show up when the
solutions were spotted on plates without the indicator. Fluo
rescent indicator plates were not used for any further separations
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A test was performed to see if any of the separated
components were decomposition products from the chromato-
59
graphy . This was done by spotting one spot of the photo
chromic solution near the corner of an alumina plate. The
plate was developed in toluene in one direction, dried, and
then developed again in toluene at an angle of 90 from the
first development. Any decomposition products from the chroma
tography show up as spots which do not fall on a line drawn
at
45
from the spotting line. The rest of the spots show
up on this line .
C. Column Chromatography
Column chromatography of the unfatigued photochromic
system was tried to test the separation procedure. Thin
layer chromatography was done first to see how many components
were in the solution. One spot appeared, which was the
leucocyanide spot. The chromatography column was filled to
forty-four centimeters with a slurry of alumina and toluene.
The alumina was covered with a one centimeter layer of clean
sand. One milliliter of the photochromic solution was pipeted
onto the top of the sand. This was allowed to run down into
the sand and then more toluene was added to the column.
About 300 drops per each fraction were collected. The flow
rate for the column was four milliliters per minute.
A drop from every fraction was placed onto a piece of
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alumina thin layer chromatography plate and visualized with
UV radiation to monitor the separation. After twenty-four
fractions, no spots appeared, so the eluting solvent was
changed to 75% toluene and 25% reagent alcohol. After thirty-
six fractions, still no spots appeared, so the eluting solvent
was changed to 50% toluene and 50% alcohol. After fourty-
eight fractions, the eluting solvent was changed to 25%
toluene and 75% alcohol. The forty-ninth 'through sixty-fourth
fractions showed faint rings around the spots on the plate,
probably due to the leucocyanide dye . The eluting solvent
was changed to 100% alcohol on the sixty- fourth fraction,
and the separation was stopped at seventy fractions.
Fractions forty-nine through sixty-four were combined
and evaporated down to around one fiftieth of its original
volume. This solution was put in the IR spectrophotometer,
but did not produce a spectrum because it was still too dilute.
At this point it was desired to determine how much
leucocyanide was needed to obtain an informative infrared
spectrum. One milliliter of the malachite green leuco
cyanide solution was added drop-wise to 100 mg. of potassium
bromide. A pellet was made which produced an informative IR
spectrum of the dye leucocyanide. Since the samples become
more dilute with column chromatography, an informative spectrum
would be very difficult to obtain of even just the dye leuco
cyanide and almost impossible of any fatigue products, using
one milliliter of the leucocyanide solution.
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D. Preparative Thin Layer Chromatography
A technique which did not dilute the samples and still
performed the required separations was preparative thin layer
chromatography. A 10 x 10 cm. thin layer chromatographic
plate was used. A one milliliter syringe without a needle
was filled with the solution to be separated. The syringe
was moved across the plate one centimeter from the bottom,
starting one centimeter from one edge
and*
ending one centi
meter from the other edge. The syringe was depressed very
slightly as it was moved to deposit a small line of solution
across the plate. The plate was dried and the procedure was
repeated until the syringe was empty. At this point the
sample streak was concentrated by developing the plate in
reagent alcohol until the solvent front reached 1.5 cm.
from the bottom of the plate. This assured that all of the
sample would start development from the same point so the
fiO
separated component bands would be as narrow as possible
The plate was dried and developed in toluene using a
1000 ml. beaker with half a petri dish as a cover. The plate
was dried again and the separated component bands were
located by covering all of the plate except one centimeter
of one edge with a piece of black cardboard and irradiating
it with UV radiation. This located the separated components
but did not color the dye bands . The separated bands were
cut apart.
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Many methods were attempted to get the separated components
into a medium suitable for IR spectroscopy. One involved
developing the strips containing the separated bands in reagent
alcohol at a right angle from the toluene development. This
concentrated the sample onto one end of the strip. The
alumina was scraped into a point next to the concentrated
component and 100 mg. of potassium bromide was placed at the
tip of the point. Reagent alcohol was placed drop-wise from
a syringe with a needle on the opposite side of the component
to move it onto the KBr. A pellet was made and scanned in
the IR spectrophotometer. Much of the sample did not get
onto the KBr because the alcohol carried it in all directions,
so an informative spectrum could not be produced.
A pellet was attempted to be produced by scraping the
alumina containing the separated components off the plate,
adding KBr, and pressing into a pellet. To keep the pellet
together, a large amount of KBr had to be added which diluted
the sample too much. The scraped alumina was also mixed
with Nujol oil and scanned. The Nujol oil reacted with the
alumina causing a lot of absorption bands in the IR spectrum,
especially a wide hydroxide band.
Reagent alcohol was mixed with the scraped alumina,
allowed to sit overnight, and filtered. The filtered solution
was added drop-wise to 100 mg. of potassium bromide, allowing
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each drop to evaporate before the next was added. A pellet
was made and scanned. Too much of the sample was lost during
the filtering process to get an informative spectrum.
The best method involved scraping the alumina into a
point and developing the strip lengthwise in a beaker with
reagent alcohol to concentrate the sample. One hundred
milligrams of potassium bromide was placed at the tip of
the point. The strip was carefully transferred to a petri
dish which contained reagent alcohol to a depth of two milli
meters, with the KBr end elevated one centimeter, as shown
in Figure 14. The cover was placed on the dish and the
alcohol was allowed to migrate up the plate and elute the
sample onto the KBr. The plate was taken out of the dish when
the alcohol reached the KBr, dried, and put back into the
petri dish a few times before all of the sample was eluted
onto the KBr. More developments were needed the lower the
Rf value of the component was. Pellets were made from the
KBr and scanned. Infrared spectra were produced with this
method, but they were still too weak to determine the molecular
differences of the fatigue products.
A method was used to determine the relative concentra
tions of the separated components in the solutions. A thin
layer chromatographic plate was spotted with the solution,
the starting spot area was measured, and the plate was developed






































































































and normalized using the starting spot area. The relative
weights of the components were then calculated.





relative weight = 10 ^ normalized spot area (3)
To get ultraviolet spectra of the separated components,
the KBr pellets were mixed with reagent alcohol and allowed
to sit overnight in a test tube. The reagent alcohol and
component solution was
-
drawn off the top of the KBr and
placed in the UV spectrophotometer with alcohol as the
reference. They were scanned from 240 to 36 0 nanometers.
E. Spectroscopic Analysis
Infrared spectra of malachite green, crystal violet,
and new fuschine leucocyanides and parent dyes were obtained
by making potassium bromide pellets directly from the solid
substances. Potassium bromide pellets were also made of
fatigued and unfatigued malachite green leucocyanide solu
tions without any separations to see if the IR spectra
showed any differences that could be used to help identify
the fatigue products.
More concentrated dye solutions were needed to obtain
informative spectra of the fatigue products. Also, more
fatiguing of the solutions was needed so that more of the
fatigue products would be present in the solutions. The
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solvent was changed to dimethylsulfoxide so that the concen-
-3
tration of dye leucocyanide could be increased to 7 x 10 M,
which is four times the concentration needed to get informative
IR spectra of the dye leucocyanides . The sodium cyanide
-4
concentration was left at 2 x 10 M.
A malachite green leucocyanide in DMSO solution was
made and exposed. There was much internal filtering in the
solution due to the relatively high concentration of leuco
cyanide, but as the solution fatigued it took on a yellow
color when the dye had faded. The intensity of the yellow
color increased as the solution was fatigued so the fatigue
product was forming in spite of the internal filtering. The
solution was exposed 661 times, which was about twice the
number of exposures given to the reagent alcohol solutions .
The visible and ultraviolet spectra of the fatigued and
unfatigued solution were found. Thin layer chromatographic
separations were performed of the fatigued and unfatigued
solutions using toluene development. This showed that the
yellow substance was the only compound forming in the
fatigued solution. This meant that no separation was needed
to perform the infrared spectroscopy, since the fatigued
solution could be scanned using the unfatigued solution as
the reference. The leucocyanide and DMSO absorptions would
be cancelled out and the spectra would be of just the yellow
product. This was done with the malachite green solutions
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using matched sodium chloride sealed IR cells, and a faint
spectrum was produced which was quite different from the
leucocyanide or parent dye spectra. It was also compared to
DMSO and NaCN in DMSO spectra to see if it was either of these
compounds .
The previous fatiguing exposures had all been done using
the micro switches on the plotter so that the solutions were
not re-exposed until they had completely faded. This limited
the number of exposures a solution could receive in a given
time because as the solution fatigued the fade time increased.
After a few hundred exposures the fade times were very long
but not enough fatigue product was formed for sufficient
identification. The malachite green solution was exposed
with the 15 second intervalometer to see how this exposure
method would work. The solution could be given hundreds of
exposures within a few hours. The solution was given 4037
exposures and the dye did not fade between the exposures.
The solution had a very dark malachite green color which did
not fade after the exposures were stopped. An excess of sodium
cyanide was added to the fatigued solution which immediately
faded the dye. The solution then had an intense yellow color.
A sample of the solution was separated on a thin layer
chromatographic plate and its visible and ultraviolet spectra
were found. An infrared spectrum of the yellow product was
also found using the unfatigued solution as a reference.
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These tests showed the yellow product to be identical to the
one formed when the solution was allowed to fade between
exposures, but its concentration was much higher in the inter
valometer exposed solution.
A replicate malachite green solution was made from the
same standard solutions, exposed with the fifteen second
intervalometer and spectroscopically analysed similarly to
the first solution. A thin layer chromatographic separation
was also performed of the fatigued and unfatigued solutions .
-3
This procedure was repeated for 7 x 10 M crystal
violet and new fuschine leucocyanides in DMSO solutions, with
-4
2 x 10 M sodium cyanide. The crystal violet leucocyanide
took much longer to dissolve than the malachite green leuco
cyanide, but the new fuschine dissolved very quickly- The
crystal violet solution also had a slightly violet color even
before exposure due to the amount of parent dye in the leuco
cyanide. Visible spectra were run to determine the wavelength
of maximum absorption for these solutions. Replicate analyses
were performed on these two solutions.
The dimethylsulfoxide has very strong absorption in the
ultraviolet, so in order to obtain the ultraviolet
absorption
spectra of the fatigued and unfatigued leucocyanide solutions
below 300 nm. , they were first diluted 1:20 with reagent
alcohol and scanned with 1:20 DMSO in alcohol as the reference.
This was done with each leucocyanide solution and each replicate
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An Hitachi-Perkin Elmer 139 UV-VIS Direct Reading Spectro
photometer was used to measure the relative concentra
tions of the yellow product in both the undiluted fatigued
and unfatigued solutions . The unfatigued solutions built
up a slight yellow color after a few days. The wavelength
was set to 360 nm. , which is near the wavelength of maximum
absorption of the yellow product, and the instrument was
calibrated with plain DMSO. The samples were put in the
quartz semimicro cells and the absorption was read.
It was desired to determine if the yellow product formed
when the solutions were heated. Fifteen milliliters of the
three dye leucocyanide in DMSO solutions were placed in test
tubes. These were stoppered and placed in a 100F oven for
sixteen hours. The solutions were allowed to cool and thin
layer chromatographic separations and direct reading UV
analyses were performed.
A sample of just dimethylsulfoxide was placed in the
exposing unit and exposed 6424 times. The solution was clear
after the exposures. An infrared spectrum was produced with
unexposed DMSO as the reference. The spectrum obtained was
identical to the spectra obtained from the fatigued leuco
cyanide solutions. Direct reading analysis and visible spec
troscopy were done of the exposed DMSO with unexposed DMSO as
the reference. They showed no absorption at 360 nm. or in
the visible region of the spectrum. The yellow compound still
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appeared to be a fatigue product which could be measured with
the direct reading spectrophotometer, but the IR spectra
were of a decomposition product of DMSO. IR spectroscopy
was tried using exposed DMSO as the reference solution for
the fatigued leucocyanide solutions, but the concentrations
of the decomposition product could not be matched exactly and
would not cancel out.
It see if the decomposition product of DMSO causes any
-4
fatigue, a 4 x 10 M malachite green leucocyanide and
-4
2 x 10 M sodium cyanide solution was made using the exposed
DMSO. The solution was put in the exposing device and the
density was measured as a function of time for one exposure.
Since there was a difference between the fatigue products
in DMSO and reagent alcohol for malachite green leucocyanide ,
-4
4 x 10 M malachite green, crystal violet, and new fuschine
-4
leucocyanide solutions with 2 x 10 M sodium cyanide were
made using reagent alcohol as the solvent. Samples of these
solutions were fatigued and the unfatigued and the fatigued
solutions were spotted onto thin layer chromatographic plates.
The malachite green and crystal violet solutions were developed
in toluene. The new fuschine solution was developed in
ethyl-
acetate, which produced a higher Rf value for
this dye than
toluene. The malachite green plate showed three spots after
fatiguing, the crystal violet plate showed two spots, and the
new fuschine plate showed one spot. Ultraviolet and visible
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spectra were produced of the unfatigued and fatigued solutions
to compare with the leucocyanide in DMSO solutions spectra.
It was thought that the dye spots which show up in the
fatigued reagent alcohol solutions were due to the leuco
hydroxide and leucoethoxide forms of the dye. This was checked
by making crude dye leucohydroxide , leucoethoxide , and leuco
cyanide solutions.
-3 -3
A 2 x 10 M solution of sodium ethoxide, a 2 x 10 M
-3
solution of sodium hydroxide, and a 2 x 10 M solution of
sodium cyanide were made using reagent alcohol. Ten milli
liters each of these solutions were added to 0.0132 grams
of malachite green dye, 0.0149 grams of crystal violet dye,
and 0.0132 grams of new fuschine dye in 90 ml. of reagent
alcohol. Each of these dye solutions were spotted on alumina
thin layer plates and developed exactly like the leucocyanides.
Two plates of each solution were made for replication. The
Rf values were compared to
the Rf
values of the leucocyanide
components. The dye solutions were also put in the exposing
unit and the densities as a function of time for the first
exposures were recorded.
To complete the attempt of trying to identify fatigue
products in the triarylmethane leucocyanides, nuclear magnetic
resonance spectroscopy was tried.
Since the sample size to
obtain a useful spectrum is around the same as for infrared




A 7 x 10 M new fuschine leucocyanide and 2 x 10 M sodium
cyanide solution was made using deutered DMSO. New fuschine
was used because it seemed to have the highest amount of the
yellow product according to its absorption at 360 nm. A
sample of the solution was exposed 6480 times. The NMR
spectra of the fatigued and unfatigued solutions were run in
13
both the carbon and proton mode. The samples were each
scanned 100 times, and a computer was
used* to subtract out
the absorption of the dye in the fatigued solution, leaving
the absorption of the fatigue product and the DMSO decomposi
tion product.
F. Photochromic Analysis
A comparison of the photochromic properties of malachite
green, crystal violet, and new fuschine leucocyanides in
-4 M
dimethylsulfoxide and reagent alcohol was made, using 4 x 10
leucocyanide and 2 x M sodium cyanide solutions. At this
leucocyanide concentration there is no internal filtering
so density measurements can be made in the exposing device.
The dimethylsulfoxide solutions were analysed first for
maximum density loss, fade time increase, and fatigue product
buildup. They were placed in the exposing unit and exposed.
The density as a function of time at the wavelength of maximum
absorption for each dye was recorded every tenth or
twenty-
fifth exposure, depending on how fast the maximum density
decreased or the fade time increased. It was desired to
52
measure the density at 390 nm. also every tenth or twenty-fifth
exposures, but the wavelength setting on the exposing unit
could not be changed without recalibrating the plotter. The
solutions were exposed until the fade times had increased
around ten times from the first exposure. The wavelength
setting was changed to 390 nm. , the plotter was recalibrated,
the exposures were continued, and the density was recorded
every twenty to fifty exposures. A new sample of the same
solution was then put in the exposing unit, exposed, and the
density at 390 nm. was recorded for the number of exposures
not recorded from the first solution. The 390 nm. setting
was used instead of 360 nm. because the exposing device did
not have enough sensitivity at 360 nm. for density measurements.
Comparisons were still able to be made using the 390 nm. set
ting because the fatigue product still has absorption there.
The plotter was calibrated at 390 nm. with the Wratten neutral
density filters, but the densities had to be corrected due
to the increased absorption of the filter at this wavelength.
See Appendix B.
Replicate leucocyanide solutions were made using the
same standard solutions. These were exposed and recorded
exactly like the first solutions but only for a
few recorded
exposures. The density loss and fade time increase appeared
fairly linear for the first few recorded exposures, so a
straight line was fitted through the replicated points and
the standard error was found and used as a measure of the
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repeatability of the analysis.
A similar analysis of malachite green leucocyanide in
reagent alcohol was performed, except that the concentrations
of the fatigue products were measured by thin layer chromato
graphy. A ten microliter sample of the exposing solution
was taken every
twenty- five exposures and put on an alumina
plate. The starting spot area was measured, and the plate
was developed in toluene, dried, and visualized. The
separated component spot areas were measured and the densities
of the visualized spots were found using a MacBeth RD-100
Reflection Densitometer. Before the densities were read,
the plates were exposed with the UV lamp for thirty seconds
from a height of seven centimeters . The densitometer was
zeroed using an unspotted plate. The normalized spot areas
were calculated and equation (3) was used to find the relative
weights of the components.
n
. , spot area x density IA,
normalized spot area =
sarting spot area
(4)
This method of measuring the concentration had a lot of varia
bility and was not used on either of the other two dyes.
G. Parent Dye Analysis
Non-photochromic crystal violet parent dye was dissolved
in dimethylsulfoxide. Since the dye dissolves very easily, a
lot of it could be put in solution. It also fades when
exposed to sunlight and the fade product could help identify
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fatigue products in the photochromic solutions. DMSO was
used because the fatigue product of the leucocyanide in DMSO
had not been identified and the decomposition of exposed
DMSO had not yet been observed. The solution was exposed to
strong sunlight for thirty-two hours on four consecutive
days in a covered petri dish. The color changed from violet
to red. Thin layer chromatography and ultraviolet and visible
spectroscopy were performed on the unexposed and exposed
solutions. Infrared spectroscopy was performed, but only
the spectrum of the decomposition product of the DMSO was
obtained.
H. Fatiguing Effects of Solvent
At this point the chromatographic and spectroscopic analyses
were stopped and a study was done to determine the effects of
solvent conditions on fatiguing of the triarylmethane leuco
cyanides . Malachite green and crystal violet leucocyanides
were used for this study and dimethylsulfoxide was used as
the solvent. The oxygen, water, and temperature levels of
the solvent were the factors in a 3 x 2 factorial experiment.
The levels were de-oxygenated and added oxygen DMSO, no water
and 10% water DMSO, and 78F and 110F exposure temperatures.
The water was removed from 100 ml. of reagent grade
dimethylsulfoxide by adding sixty-seven grams of barium oxide.
This was done in a stoppered flask which was shaken once every
hour for the first four hours and then allowed to sit overnight.
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The solvent did not have to be distilled because the barium
oxide settled to the bottom of the flask and the solvent
could be drawn off the top. The 10% water in DMSO solution
was made by adding ten milliliters of distilled water to
ninety milliliters of the DMSO with the water removed.
Both of these solutions had the oxygen removed by bubbling
nitrogen gas through them overnight. They were then capped
tightly with plastic caps. The DMSO with the water removed
was bubbled with the barium oxide still in it to remove any
water which could get in during this procedure. This solution
was allowed to sit for a few hours after bubbling to let the
barium oxide settle to the bottom. Oxygen was added to the
DMSO solutions with and without water by bubbling air through
them overnight.
_3
The dye solutions were made by first making 4 x 10 M
_3
leucocyanide and 8 x 10 M sodium cyanide standard solutions
using the DMSO with the water and oxygen removed. Each time
either of the de-oxygenated DMSO solutions were used, nitrogen
was bubbled through them for a few minutes to remove any
-4
oxygen which may have gotten in. The 4 x 10 M leucocyanide
-4
and 8 x 10 M sodium cyanide photochromic solutions used for
the experiment were made one hour before they were exposed
by pipeting one milliliter of each standard solution into a
test tube and then pipeting eight milliliters of whichever
DMSO solution was to be used into the tube . The tube was capped
56
between pipetings to keep the amount of water and oxygen
entering the tube from the air to a minimum. The higher
sodium cyanide concentration was used to shorten the fade
times of the solutions, allowing more than one solution to
be fatigued in one day.
The order in which the solutions were fatigued was found
by giving each solution a number. The order of these numbers
found in a random number table was used as the order of the
exposures, as shown in Figure 15. The 78F exposures were
exposed normally, but the 110F exposures were done by replacing
the fan with a hot air blower and heating up the exposing
cell and solution before the exposures were started. At both
temperatures the malachite green solution was exposed 200
times and the crystal violet solution was exposed 80 times.
The density as a function of time was recorded every ten
exposures . The solutions were allowed to fade between
exposures .
The response variables for the photochromism of the
different solutions were the maximum density of the first
exposure and the fade time of the first exposure. The response
variables for the fatiguing of the different solutions were
the percent maximum density loss after all of the exposures
and the fade time difference after the exposures. The maxi
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Figure 15. Order of Solvent
Condition Experiment,
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exposures, smooth curves were drawn through the points, and
the response variables were taken from the plots. This
insured that all the exposures had an effect on the experi
ment so that more than just the first and last exposures
were significant. The absorption of the fatigue product at
360 nm. was not used as a response variable because there
was not enough absorption after the exposures to compare
meaningfully.
A 3 x 2 factorial ANOVA was performed with each response
variable for both the malachite green and crystal violet
leucocyanides. No replicates were performed so the three
factor interaction was used as the error term.
Since the water level of the solvent showed the largest
effect in the solvent condition experiment and since it
appeared that the solutions had better photochromism and less
fatigue when some water was present in the solution, an
experiment was performed to determine if there was an optimum
water level in dimethylsulfoxide for photochromism and fatigue,
The water was removed from reagent grade DMSO using barium
oxide and distilled water was added to make ten solutions
of varying water levels. The same
standard solutions of
malachite green leucocyanide and sodium cyanide that were
used for the solvent condition experiment were also used for
this experiment. The photochromic solutions were made by
first making the solutions in Table 3. One
milliliter of
59
each standard solution was then pipeted into the solvent
solutions one hour before they were exposed. The water and
DMSO were mixed before the dye was added because as they
mixed the temperature of the solution rose, which may have
affected the dye. Replicate solutions were also made, using
the same standard solutions .
The solutions were exposed in the random order shown in
Table 3 at 78F. They were exposed 200 times and the density
as a function of time was recorded every ten exposures.
The same response variables that were used in the solvent
condition experiment were used in this experiment, except
that the fade time difference was not used because it did
not change enough after 200 exposures to be meaningfully
compared.
Table 3. Solvent Humidity Experiment,
Order of
Milliliters of Milliliters Experiment
Percent Water Distilled
0




5% 0.5 7.5 4 6
10% 1.0 7.0 8 10
15% 1.5 6.5 15 19
25% 2.5 5.5 13 18
35% 3.5 4.5 14 16
50% 5.0 3.0 1 7
60% 6.0 2.0 17 20
75% 7.5 0.5 3 11




Table 4 shows the results of the test to determine the
solvent and leucocyanide and sodium cyanide concentrations
for the photochromic system. Dimethylsulfoxide and reagent
alcohol produced the best densities, so they were used as the
solvents. Figures 16 and 17 show the visible absorption of
the three leucocyanides in DMSO and reagent alcohol, and
Figures 18 and 19 show the exposure traces for the first
exposures of these photochromic systems.
Table 4. Photochromic System Determination,
Maximum Fade
Solvent MGCN cone. NaCN cone. Density Time (sec.)
Dimethyl lxlO"5M 0 0.2 OO
sulfoxide
lxlO_5M lxlO~4M 0.2 520.0
lxlO~5M 5xlO~4M 0.02 0.6
lxlO~5M 2xlO_4M 0.02 0.5
M 2xlO~4M 0.96 3.3
4xlO_3M 2xlO~4M 0.70 0.6
Chloroform M 2xlO~4M 0.05
Acetone 4xl0~4M 2xlO~4M 0.10
Ethylacetate M 2xlO_4M 0.10
Reagent Alcohol 4xlO~5M 2xlO~4M 0.20 5.6
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Figure 19. First Exposure of Leucocyanides in
Reagent Alcohol
65
Figures 20 and 21 are exposure series of malachite green
leucocyanide in reagent alcohol in a loosely covered quartz
cell and a tightly stoppered Silicar cell. They show the
differences in photochromism and fatigue for these two cells,
and are typical of the exposure series performed to fatigue
the solutions .
B. Thin Layer Chromatography
Table 5 lists the R- values for the malachite green
leucocyanide spot when developed in the listed solvents. Five
microliter spots were used for all the plates. The silica
gel plates colored the spots during development, so only
alumina plates were used from then on.









A typical thin layer chromatographic separation of a
fatigued and unfatigued leucocyanide solution is shown in
Figure 22. Non-fluorescent plates were used for this separa
tion. Figure 2 3 shows the same unfatigued solution separated
on a fluorescent plate. The results of a typical decomposi

















































:H: ft .: |ai




S S3 ; Cfl
JiL. ..: rt
CO























-,,. / i o















.... T" -- --- "
"'A-f!
rH
a a .: fli
g-
ri ~h <!













o o 'A -Hi-Mi Pii rt Ci)'
::: ' r :' 1: 1 j : i.. ;! fl












-..._ n. ~ j - ...-.~J~ " ---




M |:;.j-P |. . h- -,
[":
;




f--!- in-,1--.-- 1 ~ .._:.... i 'j '/--[ _m ^_ Pj
i
fo :. i is \ 'I-:--
. -J |
--











a ! I 1
7: j y


































; :--i 1 o
1
-l
' ' !' '
1
:. 1 ; !
__.. ._ .._aJ..J.._






























t 1 i l - ,- I . '>. |




; i i j i :
i
r\-












r GO O _ JS. Sh
"~
. , . 1 i j I : 1 1
'
| 1 ! 1 1 /-
1




*./ . - p-y
i 1 1 i . :c*> Q)
.. ... _. \
'"' M ! |
1
...I .- 1 I
. '. 1 /
,. i ,||,


























-;-"f-| ! i i



























...[..__ _ J j i___
..:j
.:.
/ ; "!: tnu
fl
. .: \. !,< . :)::: '', .

































H . - - --r-i-- -- t r 1
-





i --l L',;: : ! .1 l-l i- ::f- 1 J ._;::-.!.UJ ':j. .
!












I -j 1_ CU
in cm o











o m o cn






cu cn cu cn
U fl rt fl
fl cu fl cu
W Q CU cn Q fl)
0 g 0 g
Qjg-ri Qa H "^
X fl En X fl R
H g PJ g
ri CD ri CD
p x -a X tJ
cn fd id P <d fd
rt a Ph o a Ph
ri o
Ph cn















































































Figure 22. Thin Layer Chromatographs of Malachite Green







Figure 23. Thin Layer Chromatograph of Malachite Green Leuco









Figure 24. Decomposition Product Test.
70
C. Column Chromatography
Figure 25 shows the infrared absorption of the fractions
which contained the malachite green leucocyanide from the
column chromatography. The IR absorption of one milliliter
of the malachite green leucocyanide solution is shown in
Figure 26.
D. Preparative Thin Layer Chromatography
The R_ values of the separated photochromic system
components are similar for thin layer and preparative thin
layer chromatographies. The IR spectrum produced from drop-
wise addition of reagent alcohol behind the sample to move it
onto potassium bromide did not show any absorption peaks.
This was also the case when the alumina containing the com
ponents was pressed with potassium bromide into a pellet.
The alumina was also added to Nujol oil, but Figure 2 7 shows
the spectrum of just alumina in Nujol oil.
Figure 28 shows the IR spectrum of separated malachite
green which was scraped from the plate, dissolved in alcohol,
filtered, and placed on KBr. Figure 29 is the best IR spectrum
produced from a separated malachite green solution. It was
made using the horizontal, petri dish development onto KBr.
Ultraviolet absorbance spectra of the separated malachite
green components from fatigued and unfatigued alcohol solutions
are shown in Figure 30. The ethoxide curve was displaced 0.1
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Figures 31 through 33 show the IR absorptions of malachite
green, crystal violet, and new fuschine dyes and leucocyanides,
and the absorption peaks are listed in Table 6. The IR spectrum
differences of unseparated solutions of unfatigued and fatigued
malachite green leucocyanide can be seen in Figure 34.
The amount of malachite green needed to obtain an informative
IR spectrum is shown in Figure 35.
Table 6. Dye and Leucocyanide IR Absorption Cum-)
Malachite Green Crystal Violet New Fuschine
Dye Leucocyanide Dye Leucocyanide Dye Leucocyanide
3.50 3.50 3.00 3.49 2.91
4.47 3.58 2.98
6.20 4.46 3.27 3.45
6.35 6.60 6.21 4.45
6.90 6.35 6.60 6.14 6.15
7.35 7.35 6.90 6.30 6.65
8.70 8.45 7.38 7.40 7.35
10.50 8.22 7.80 7.72
12.40 12.25 8.68 8.55 8.70 8.70
13.00 9.40 11.25





When the leucocyanides in DMSO were fatigued, a yellow
product built up in the solutions. Table
7 shows the pro
perties of this product when the solution was exposed after
fading each time and every fifteen seconds.
Table 8 lists
the Rf values of the




















































































































































































































































































































































































































































found in the replicated fatigued solutions. Table 9 lists
the ultraviolet absorption peaks of the unfatigued and fatigued
DMSO solutions, found from the spectra in Appendix C. The UV
absorption spectra of DMSO, sodium cyanide, and reagent
alcohol can also be found in Appendix C.
Table 7- Malachite Green Leucocyanide in DMSO, Yellow Product.
Exposed after fading Exposed every 15 sec,
"X maximum absorption 357 nm. 358 nm.
Rf value 0.24 0.26
Table 8. Rf Values for DMSO Solutions.
Malachite Green Crystal Violet New Fuschine
#1 #2 #1 #2 #1 #2
Leucocyanide 0.44 0.53 0.37 0.42 0 0
Yellow 0.33 0.34 0.53 0.55 0.36 0.41
Product
Table 9. Wavelengths of Maximum Absorpt ion in DMSO (nm. ) .
Malachite Green Crystal Violet New Fuschine
11 2 11 #2 11
2
Unfatigued 305 311 310 309 290 307
Solution 271 268 269 268 252 246
Fatigued 351 357 358 348 336 338
Solution 302 305 304 308 289 298
268 257 266 260 250 249
84
Table 10 lists the UV direct read absorption at 360 nm.
for the unfatigued and fatigued solutions, and a sample of
exposed DMSO. Table 11 lists the IR absorption of the
fatigued leucocyanide solutions in DMSO with the unfatigued
solution as the reference. The actual spectra can be seen
in Appendix D, along with IR spectra of DMSO, sodium cyanide,
and reagent alcohol.
Table 10. DMSO Solution Absorption at 360 nm.










Exposed DMSO 0 0
85
Table 11. IR Absorption of Fatigued DMSO Solutions U<m)
Malachite Green Crystal Violet New Fuschine
#1 #2 #1 #2 #1 #2
2.85
2.95 3.10 2.95 3.15 3.05 3.05
4.40
4.65 4.70 4.70 4.70 4.70 4.60
5.70






























The absorbance at 360 nm. and the R_. values of the
separated components can be seen in Table 12 for unheated
and heated leucocyanide in DMSO solutions . Figures 36
and 37 are of the IR and visible spectra of exposed DMSO.
Figure 38 shows the first exposure of a malachite green
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Table 13 lists the UV absorption peaks of the unfatigued
and fatigued leucocyanide in reagent alcohol solutions,
found from the spectra in Appendix C. Table 14 contains the
Rf values of the separated components and the Rf values of
pure solutions of the leuco compounds. Figure 39 shows the
density trace of the first and tenth exposures of the pure
malachite green hydroxide and cyanide solutions and the first
exposure of the ethoxide solution.
Table 13. Wavelengths of Maximum Absorption in Reagent
























































































Density at 616 nm.
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Figures 40 and 41 are of the nuclear magnetic resonance
spectra of unfatigued and fatigued new fuschine leucocyanide
in deutered DMSO. The fatigued solution had the yellow color
of the other fatigued DMSO solutions. The peak at 2 00 hertz
in the unfatigued solution in Figure 4 0 was expanded to help
in the assignment of the peak.
F. Photochromic Analysis
Figures 42 through 46 show the maximum density loss, fade
time increase, and fatigue product buildup of the three leuco
cyanides in dimethylsulfoxide. The standard error of Y in X
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Figure 41. NMR Absorption of New Fuschine Leucocyanide in
13









































Figure 42. Fatigue of Malachite















































































































































































































































































measure of the repeatability of the analysis. Figure 47
indicates the results of the similar analysis performed on
malachite green leucocyanide in reagent alcohol. The fatigue
product buildup was measured using the normalized spot areas
from thin layer chromatographs . A linear regression analysis
was performed on this data, which can be seen in Appendix E.
The lack of fits for the leucocyanide and leucohydroxide
lines were not significant, but the slopes were also not
significant. The lack of fit for the leucoethoxide line was
not significant, and the slope was significant.
G. Parent Dye Analysis
Table 15 lists the Rf values for unexposed and exposed
non-photochromic crystal violet dye in DMSO. Figure 4 8 shows
the ultraviolet and visible absorption spectra for these solu
tions , and the IR spectrum of exposed dye with unexposed dye
as the reference can be seen in Appendix D.
Table 15. Rf Values of
Crystal Violet Dye
Unexposed Dye
Crystal Violet Spot 0.15
Exposed Dye
Dark Spot 0.4 0
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Figure 48. Ultraviolet and Visible Absorbance of Crystal
Violet in DMSO.
101
H. Fatiguing Effects of Solvent
The effects of water, oxygen, and temperature on mala
chite green leucocyanide can be seen in Figure 49. The
interaction graphs from this study are shown in Figure 50
and the ANOVA can be seen in Appendix F. The significant
factors for the photochromism of these solutions at a 0.05
alpha level were temperature, humidity, and humidity-oxygen
interaction for the maximum density, and temperature and
humidity for the fade time. The significant factors for the
fatigue were humidity and humidity-oxygen interaction for
the density loss, and temperature and temperature-humidity
interaction for the fade time difference. The humidity factor
for the fade time difference was significant at a 0.10 alpha
level. No factors were significant for the absorption change
at 360 nm. after 200 exposures.
Figures 51 and 52 show the results of the water, oxygen,
and temperature effects on crystal violet leucocyanide, along
with the interaction graphs. The significant factors at a
0.05 alpha level were humidity and humidity-oxygen interaction
for the maximum density, and humidity, oxygen, and
humidity-
oxygen interaction for the density loss after eighty exposures.
The temperature factor for the maximum density was significant
at a 0.10 alpha level. None of the factors for the fade time
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Figure 52. Interaction Graphs of Water and Oxygen Effects on
Crystal Violet Leucocyanide in DMSO.
106
The effect of water on malachite green leucocyanide in
DMSO can be seen in Figure 53. The maximum density of the
first exposure, the fade time, and the percent density loss
after 200 exposures as a function of water content are shown









































































Figure 54. Photochromism of































































































The solvents in the photochromic systems made a big
difference in their photochromisms. The higher polarity
solvents showed much better photochromism than the solvents
of lower polarities. The extra pulling force of the solvent
helps produce more of the dye ions per unit amount of exposure,
producing more density. An excess of sodium cynide is needed
in these solutions, though, to get the dye molecules to
recombine after the exposure is stopped, because of this added
force. The leucocyanide concentration makes a big difference
in the density that is produced and little effect on the fade
time. There is an optimum concentration of leucocyanide
needed to produce the most density, because too small a con
centration does not produce as many dye molecules and too
large a concentration only produces dye molecules on the
edges of the solution due to internal filtering. The sodium
cyanide concentration effects both maximum density and fade
time. Higher concentrations produce faster fade times and
less density due to faster recombination of the dye molecules,
according to LeChatlier's Principle.
The photochromisms of malachite green, crystal violet,
and new fuschine leucocyanides were quite different in
dimethylsulfoxide and reagent alcohol, especially for the
111
latter two dyes. The maximum densities were higher and the
fade times were much shorter in DMSO for solutions of the
same leucocyanide and sodium cyanide concentrations. Since
the dielectric constant and dipole moment for DMSO is higher
than those for reagent alcohol, the higher density makes
sense but the faster fade times do not. This discrepancy
could be explained by a mechanism difference of the leuco
cyanides in the two solutions. The visible absorption also
is different for these dyes in the two solvents.
The way a solution is exposed has an effect on the way
it fatigues. Figures 20 and 21 show this for malachite green
leucocyanide. The solution in the tightly stoppered silicar
cell fatigued much slower than the solution in the loosely
covered quartz cell. The maximum density differences are
due to the fact that the Silicar transmits shorter wave
lengths than the plain quartz. The fatigue difference can
be due to reactions of photo products with oxygen to form
fatigue products. This type of reaction would be faster on
the loosely covered cell because more air can enter the cell.
B. Thin Layer Chromatography
The alumina plates were used for all of the thin layer
chromatography because the silica gel
plates colored the dyes
6 2
during development. Silica gel is stated to trap electrons ,
so this may pull the anions off the dye
molecules as they
112
migrate up the plates. Also, silica gel is acidic whereas
alumina is basic. Acids will color photochromic leucocyanide
fi ^
solutions without giving them any exposure .
Non- fluorescent plates were used for all the separations
because of a purple fluorescent substance which showed up on
fluorescent plates of both unfatigued and fatigued solutions.
The substance was fluorescent when viewed under ultraviolet
radiation, so if it was in the solutions, it also should have
showed up on the
non- fluorescent plates when visualized with
this method. Since it did not, it was assumed to come from
the plate. When the alumina was scraped away from a portion
of a fluorescent plate and viewed under UV radiation, the
scraped area had the same purple fluorescence as the spots.
Since the solvents for the dyes were so polar, when the solu
tions were spotted on the plates some of the fluorescent
indicator and binding probably dissolved. When the plate
was developed, they traveled up the plate.
A decomposition product test was performed for each type
of solution that was separated by thin layer chromatography.
No decomposition products were found for any of the solutions.
C. Column Chromatography
The column chromatography method that was planned to be
used to separate these leucocyanide solutions was too crude
for solutions this dilute. The collected fractions were much
113
too diluted to show any useful IR spectra, even when like
functions were combined and evaporated. Also, there was too
much band spreading during the separation to separate com
ponents with
Rf numbers as close as the numbers of the dyes
and fatigue products.
D. Preparative Thin Layer Chromatography
A useful IR spectrum could be produced if one milliliter
of the malachite green leucocyanide solution was deposited
directly on potassium bromide . The preparative thin layer
chromatography method produced very good separations of this
amount of the photochromic solutions. The bands spread very
little and could be located easily. The problem with this
method was getting the separated components off the plates
and into the infrared spectrophotometer.
The method which involved moving the components by
placing solvent behind them from a syringe did not work because
the solvent would migrate in all directions once it reached
the plate. This carried the component in every direction, so
not all of it reached the salt. Scraping the alumina con
taining the components off the plates and combining it with
KBr produced very weak spectra because so much salt had to be
used to keep the pellets together that the components were
diluted too much. Mixing the scraped alumina with Nujol oil
produced spectra with wide absorption bands , especially
between three and four microns. This band is characteristic
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of hydroxide groups , which are the active sites on alumina
absorbent. Dissolving the components off the alumina and
filtering the solutions was a poor method because extra
solvent had to be added to the solutions during filtering to
complete the separation. This diluted the sample too much.
The horizontal development technique worked very well.
Almost all of the components transferred to the KBr if the
development process was repeated enough times. The IR
spectra produced were very good, but the absorptions of the
components were too alike to determine any differences with
these spectra.
Dissolving the potassium bromide containing the separated
components in reagent alcohol made solutions of these components
from which their ultraviolet absorptions could be measured.
The UV absorption spectra of the separated malachite green
components were very similar for the unfatigued and fatigued
solutions, as seen in Figure 30. No information about the
identities of the fatigue products could be made from these
spectra.
E. Spectroscopic Analysis
The infrared spectrum of unseparated, unfatigued mala
chite green leucocyanide is very similar to the spectrum
of the unseparated, fatigued solution. No information about
fatigue product identifies could be obtained from them. For
a malachite green leucocyanide IR spectrum to show peaks
115
which may be different for the fatigue products 0.12 milli
grams of the leucocyanide is needed in 90 milligrams of KBr.
Four times this amount is needed in solution to obtain useful
spectra of the fatigue products. This amount of leucocyanide
will not dissolve in reagent alcohol, but it will in dimethyl
sulfoxide .
For use as references, infrared spectra were obtained of
malachite green, crystal violet, and new fuschine leucocyanides
and parent dyes. The dyes had broader absorption bands than
the leucocyanides due to their finer particles which caused
scattering of the measuring radiation. The spectra of all
three leucocyanides are similar due to their similar molecular
structures. The major differences arise around 3.3 microns,
where malachite green and crystal violet have an absorption
band above this value and new fuschine has a band below.
This difference is due to the dimethyl groups on the former
two dyes and the dihydrogen groups on the latter dye. The
parent dyes show similar characteristics.
In dimethylsulfoxide solutions of malachite green,
crystal violet, and new fuschine leucocyanides, a yellow
product formed as the solutions were exposed. The same pro
duct formed when the solutions were exposed after fading each
time and when they .wereexposed every fifteen seconds, whether
they were faded or not. The product had almost the same Rf
value in malachite green and new fuschine solutions and had
a higher Rf value in
crystal violet solutions. The crystal
116
violet leucocyanide had a Rf value close to the Rf values
of the yellow products in the other dyes. The yellow product
may be further up the plate due to competing reactions of the
leucocyanide with the absorbent. The ultraviolet absorptions
of the yellow products , which can be seen in the top line of
the fatigued solutions in Table 9, are all within twenty-two
nanometers, and the yellow products in crystal violet and
malachite green have almost equal absorption peaks. It appears
that the yellow fatigue product is the same for these three dyes.
The ultraviolet absorption spectra for the unfatigued
leucocyanide solutions are similar for the three dyes, especially
the spectra of malachite green and crystal violet. This is
also true of the fatigued solutions. The basic molecular
structures of the three dyes are very similar and only a few
functional groups make up the differences between them.
These
differences do not make large differences in UV spectra. The
UV absorptions of the fatigued solutions is also very similar
to the unfatigued solutions, except that there is, on the
average, about a four nanometer shift of
the absorption peaks
toward shorter wavelengths in the fatigued solutions. This
may be caused by the yellow product in the
fatigued solutions.
Direct read ultraviolet absorption measurements were
taken of the unfatigued and fatigued solutions at
360 nano
meters. This wavelength was used because it was
thought that
densities at this wavelength could also be measured on the
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exposing unit equipment. This was to be used as a way to
measure the concentration increase of the fatigue product as
the solutions were exposed. It was later discovered that the
exposing unit had enough sensitivity only to 390 nm. and
this wavelength was used when the concentrations were monitored,
The 360 nm. readings were used to determine the yellow product
difference between fatigued solutions and unfatigued solutions
which had built up a slight yellow color after a few days.
The yellow product concentration was much higher in the
fatigued solutions.
The infrared absorption spectra for the three fatigued
leucocyanide solutions were very similar. Not all of the
same bands showed up for each dye or each replicate, but the
major ones near 3.0, 4.7, 6.1, and 8.5 microns did. These
spectra were compared to IR spectra of fresh dimethylsulfoxide,
sodium cyanide, and reagent alcohol to see if these compounds
were causing the absorption, especially since excess sodium
cyanide was added to the solutions . None of these spectra
matched the fatigued solution spectra.
During the parent dye analysis of crystal violet dye, a
spectrum was produced of exposed solutions of crystal violet
dye in dimethylsulfoxide. The spectrum was identical to the
fatigued leucocyanide spectra. It was then suspected that
the spectra were not of the fatigue product but of something
else. When a sample of plain DMSO that had been exposed was
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scanned in the IR spectrophotometer, a spectrum was produced
that matched those of the fatigued solutions. The exposed
DMSO did not have the yellow color to it, though, and had no
absorption at 360 nm. Therefore, when the leucocyanide in
DMSO solutions were fatigued, two products were forming. One,
which has a yellow color and an absorption peak near 350 nm. ,
is forming from the leucocyanide in the solution, and the
other, which has no color and has the IR spectrum shown in
Figure 36, is forming as a decomposition product of the
dimethylsulfoxide .
No identity for the yellow product could be determined
because not enough information about it was found. The
decomposition product was attempted to be identified from
the IR spectra. After going through a Colthrup chart and
books of reference spectra, no one compound was found which
had the same spectrum as the decomposition product. The
product may be a combination of several compounds.
DMSO
is very hydroscopic, so water may be building up in the
solution. DMSO may also contain
dimethylsulfite and
dimethyl-
sulfone64. The IR spectra of these compounds can be seen in
Figure 56, and a list of the absorption peaks is in Table 16.
It appears that the decomposition product is a mixture of
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The DMSO decomposition products also play a part in
the fatigue of these solutions , as seen in Figure 38 . The
maximum density is much less than for solutions made with
fresh DMSO and the solution does not fade. The products
may be reacting with the dye molecules or the excess cyanide
in the solution and possibly forming the yellow fatigue
product.
The yellow fatigue product forms when the leucocyanide
solutions are heated, but in much smaller concentrations
than the fatigued solutions. The Rf values of the yellow
product in the heated solutions of the three dyes are similar
to the fatigued solutions. Therefore, heat causes some of
the fatiguing of the leucocyanides in DMSO.
The ultraviolet absorption spectra of these leucocyanides
in reagent alcohol are very similar to the spectra of these
dyes in DMSO, for both the unfatigued and fatigued solutions.
The four nanometer average shift towards shorter wavelengths
in the fatigued solutions is also present.
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These leucocyanides in reagent alcohol do not show the
same fatigue products as in DMSO. Malachite green shows two
extra malachite green colored spots after it is fatigued, and
crystal violet and new fuschine each show one extra colored
spot. The malachite green leucocyanide, leucohyroxide, and
leucoethoxide solutions had Rf values that corresponded to
each of the Rf values of the fatigued solution spots, close
to within one standard deviation. The crystal violet leuco
ethoxide and leucohydroxide had almost identical Rf numbers ,
which corresponded to one of the fatigued solution spots.
This spot is probably made up of both of these substances.
The crystal violet leucocyanide spot Rf number fell within
one standard deviation of the other fatigued solution spot.
The new fuschine leucocyanide, leucohydroxide, and leuco
ethoxide solutions all had Rf values
that fell within two
standard deviations of the fatigued solution spot. This
spot is probably made up of all three substances, since
all
three leucocyanides show many similar characteristics.
The leucohydroxide and leucoethoxide forms are not as
photochromic as the leucocyanide forms of the dyes, but they
are still photochromic, as seen in Figure 39. The fade time
is much shorter for the leucocyanide solution, especially
compared to the ethoxide solution. This means that not only
are these products formed as the solution fatigues , but they
are also causing at least part of that
fatigue.
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The nuclear magnetic resonance spectra did not show a
large difference between the fatigued and unfatigued solutions
of new fuschine leucocyanide in deutered DMSO, in either the
13
proton or carbon modes. The peak at zero hertz is the internal
reference peak of tetramethylsilane, and the peak at 265 hertz
is the DMSO peak. The other small peaks are due to the dye
molecule. The solution was too dilute for this analysis.
F. Photochromic Analysis
As malachite green leucocyanide in dimethylsulfoxide is
exposed, the maximum density of each exposure decreases
almost linearly. The fade time does not increase very much,
but after 250 exposures, it increases exponentally . The
maximum density levels off around this number of exposures.
The concentration of the yellow fatigue product increases
linearly for this number of exposures, but it levels off after
around 700 exposures.
New fuschine leucocyanide behaves similarly, but the
fade time starts increasing at around 150 exposures, and the
yellow fatigue product concentration levels off after around
600 exposures. The crystal violet leucocyanide behaves a
little differently. The maximum density loss does not level
off up to 150 exposures. The fade time starts increasing at
the same number of exposures that the yellow fatigue product
starts leveling off, which is around 6 0 exposures.
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It appears that the yellow fatigue product effects the
fade time more than the maximum density of these leucocyanides.
The yellow product probably is a compound which contains cyanide,
so that as it forms, it decreases the excess cyanide ion
concentration in the solutions which causes the fade time to
increase .
Crystal violet leucocyanide produced the most density
upon exposure of these three dyes, but it also fatigued the
fastest. The fade time for new fuschine leucocyanide started
out higher than the other dyes , but did not increase as
quickly. It also produced the lowest density of these dyes.
The repeatabilities of the maximum density measurements
were all within 0.1 density units. The fade time measurement
repeatabilities were within ten seconds. These errors are
probably introduced during the preparation of the solutions,
since fade time varies with small variations of sodium cyanide
concentration .
As malachite green leucocyanide in reagent alcohol is
exposed, the maximum density decreases exponentially and levels
off after 300 exposures. The fade time does not start increasing
until after 250 exposures, although it increases more gradually
than this dye in DMSO. Different fatigue products are found
with each solvent, so different fatiguing mechanisms are
involved.
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Only the leucoethoxide showed a significant linear
increase as a fatigue product, using the weight of component
measurement technique. The leucohydroxide seemed to be
present after the first exposure and then did not increase.
The leucocyanide likewise showed no change over the 500 exposures,
Figure 39 shows that the leucoethoxide is much less photo
chromic than the leucocyanide or leucohydroxide, so this com
pound appears to be the major fatiguing component.
The repeatablilties of the maximum density and fade time
for the reagent alcohol solution are similar to those of the
leucocyanides in DMSO solutions. The residual errors of
the separated component lines were quite high due to the
large variability of the weight of component measurement
method. This variability arises from irregular starting spots
and separated spots. The areas and densities of these spots
could not be measured accurately enough for the small concentra
tion differences that were present in the solutions.
G. Parent Dye Analysis
When crystal violet parent dye is exposed, its ultraviolet
absorption peak shifts from 304 nm. to 275 nm. , and its visible
absorption peak shifts from 590 nm. to 540 nm. Two extra spots
showed up in the exposed solution.
These extra components
could not be identified due to the decomposition of the
DMSO, but they are probably causing the
absorption shifts.
125
H. Fatiguing Effects of Solvent
Malachite green leucocyanide behaved quite differently
in dimethylsulfoxide with different water and oxygen levels.
The best maximum density was obtained in solutions of 10% water
at 78F. At the higher temperature, the fade time was shorter
so less density was produced. If oxygen is present in the
solution, the most density is obtained when water is also
present. The fade time is fastest in solutions of higher
temperature and lower water level, but the maximum densities
were low in these solutions .
The density loss as the solutions are exposed is less
for 10% water solutions. Oxygen does not have an effect in
the hiaher water level solutions . but in a dry solvent the
density loss is greater when oxygen is present. Temperature
had no effect on this measurement.
The fade time increased more at the higher temperature.
At the lower temperature, the fade time increased more when
water was present in the solution.
Crystal violet leucocyanide behaved very similarly to
malachite green, especially the maximum density, fade times,
and fade time differences. The density loss was least with
a dry solvent with no oxygen. When oxygen was present,
there
was less density loss when water was also present.
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It appears that there is an optimum water level for DMSO
when it is used as the solvent of malachite green leucocyanide.
The maximum density is less and the density loss is more at
water levels above or below 15%. The change is more gradual
for higher water levels . The fade time increases exponentially
as the water level is increased and does not show an optimum
level. Since DMSO normally contains around 10% water, it
works very well as a solvent for leucocyanides. The dielectric
constant of water is much higher than DMSO, so the fade time
increases as the water level increases due to the added force
of the water on the dye molecules. This makes the recombina
tion of the dye and cyanide molecules much slower.
Small amounts of water also help produce more density
because of this extra force. More dye molecules are formed
during exposure because of the added force on them. At higher
concentrations of water, fatiguing reactions could take place
leading to the loss of the dye molecules. Water may be one
of the decomposition products of DMSO, which have been found
to fatigue these dyes. These reactions may not take place
below 15% water because of LeChatier's Principle. The water
already present shows the
formation of new water from the
decomposition of DMSO.
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The maximum density and density loss may also change as
the water level changes because of pH differences of the
solutions. The photochromism of triarylmethane dyes is pH
dependent, and the different water levels may make significant
changes in the pH's of the solutions. Unfortunately, the
pH's of the solutions were not measured, so this effect was
not verified. The photochromism and fatigue changes are




The maximum density obtained from solutions of triaryl
methane leucocyanide dyes is increased by increased solvent
polarity and dye concentration, and decreased sodium cyanide
concentration. The fade times of these solutions are decreased
by decreased solvent polarity and increased sodium cyanide
concentration. Dimethylsulfoxide produced solutions with
greater maximum density and shorter fade times than reagent
alcohol. The solutions fatigue faster when they are exposed
in a loosely covered container as opposed to one with a tightly
fitting lid.
Non- fluorescent alumina thin layer chromatographic
plates with toluene or ethyl acetate development provide
good separations of the leucocyanide solutions. Ultraviolet
radiation and iodine vapors detected the dyes and fatigue
products . Column chromatography proved to be too crude a
separation procedure for these solutions because of the extra
dilution during the procedure.
Preparative thin layer chromatography proved to be a
good separation method for these solutions. The separated
components could be developed horizontally onto potassium
bromide, but the leucocyanides and fatigue products are too
infrared inactive to yield informative IR spectra. The
infrared spectra of malachite green, crystal violet, and new
fuschine leucocyanides were similar, as were the spectra of
these parent dyes .
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A yellow fatigue product with an absorption peak near
350 nm. was found in leucocyanide in dimethylsulfoxide
solutions . A decomposition produce of the DMSO due to
exposure was also found in these solutions. The decomposition
product was directly found to cause fatigue in these solutions
and may be reacting with the dye or the excess cyanide in the
solutions for form the yellow fatigue product. The decomposi
tion product appears to be actually several compounds , including
water, dimethylsulfite, and dimethyIsulfone. The yellow
fatigue product also formed to some extent when leucocyanide
in DMSO solutions were heated.
Different fatigue products were found in these same
leucocyanides in reagent alcohol solutions. Leucohydroxide
and leuccethoxide forms of the dyes were found in the fatigued
solutions, although they were not always separated completely.
Both of these compounds were shown to have worse photochromism
than the leucocyanide solutions , so they are at least part
of the cause for the fatigue of them.
The ultraviolet absorptions of fatigued and unfatigued
leucocyanides in dimethylsulfoxide and reagent alcohol are
very similar. The fatigued solutions
show an average of a
four nanometer shift towards shorter wavelengths in both of
these solvents . No information about the fatigue product
indentities was obtained from nuclear magnetic spectroscopy-
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The maximum density decreases linearly for a number of
exposures for these dyes in dimethylsulfoxide. The fade
times stay constant for a number of exposures and then increases
exponentially. The yellow fatigue product concentration
increases exponentially and then levels off. The number of
exposures up to these points differ for different leucocyanides.
The yellow fatigue product appears to effect fade time more
than maximum density.
Crystal violet leucocyanide produces the most density,
but it also fatigues the fastest. New fuschine leucocyanide
has the highest fade time, but it does not increase as quickly
when exposed as the other dyes.
Malachite green leucocyanide in reagent alcohol shows the
same fatiguing characteristics as in dimethylsulfoxide, but
the fade time increases more gradually. The leucoethoxide
component appears to cause most of the fatigue.
Crystal violet parent dye shows a visible and ultraviolet
absorption shift towards shorter wavelengths when exposed.
Extra components appear in the exposed solution but were
not identified.
Some water in dimethylsulfoxide has a beneficial effect
on photochromism and fatigue. Temperature has an adverse
effect on maximum density and fatigue, but it does decrease
fade time. Oxygen has little effect on photochromism and
fatigue by itself, but does interact with water to increase
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photochromism and fatigue. A fifteen percent water level in
dimethylsulfoxide appears to be an optimum level for photo
chromism and fatigue.
Future research should involve using separation and
identification techniques more suitable for micro samples on
the fatigued photochromic solutions . These can be gas or
high pressure liquid chromatography equipment with direct links
to spectroscopy equipment. This equipment would alleviate
the problems of getting the separated components into the
spectrophotometers and also alleviate the dilution problems.
Positive identifications of the fatigue products should be
able to be obtained with this method. Once the identifications
have been made, the fatigue products could be added to unfatigued
solutions to see to what extent each product contributes to
the fatigue.
More experiments need to be performed to determine the
mechanisms of fatigue of these leucocyanides in different
solvents, and the roles that oxygen and water play in those
mechanisms. Also, investigations into the fading mechanisms
of the parent dyes should be carried out, which may help in





APPENDIX A SOLUTIONS AND CHEMICALS
Table 17. Photochromic Solution Formulas,
Malachite Green Leucocyanide










































































Figure 57- Molecular Structures of Leucocyanides
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Table 18. Leuco Dye Solution Formulas.
_3



















Table 19 List of Chemicals
1. Malachite Green Leucocyanide, synthesized by Paul Berg, 1973.
2. Crystal Violet Leucocyanide") ., . -, , , . _ , imc
-, -c
i,-
T -j i synthesized by Robert Bayley, 1976
3. New Fuschine Leucocyanide j
-1 ^ J J
4. Malachite Green Hydrochloride Crystals, Ciba-Geigy.
5. Crystal Violet Hydrochloride, Biological Stain, Eastman
Organic Chemicals, Lot #C1350.
6. New Fuschine Hydrochloride, Pylam Products.
7. Dimethylsulfoxide, Certified A.C.S., Fischer Scientific Co.,
Lot #772662.
8. Sodium Cyanide, J. T. Baker Chemical Co., Lot #31386.
9. Eastman Chromagram Sheets, Alumina, #13252 with fluorescent
indicator, #6062 without fluorescent indicator.
10. Alumina Adsorbent, Fischer Scientific Co., Lot #772969.
11. Deutered Dimethylsulfoxide, D CSOCD-, Norell Chemical Co.,
Lot #9207-
12. Reagent Alcohol, Fischer Scientific Co., Lot #772651.
13. Toluene, Certified A.C.S., Fischer Scientific Co.,
Lot #771871.
14. Ethylacetate, Certified A.C.S., Fischer Scientific Co.
15. Barium Oxide, Mono Lumps, Porous, Technical Grade,
Anhydrous, Fischer Scientific Co., Lot #780361.
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Figure 58. Transmittance of Wratten Neutral Density Filters
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APPENDIX E STATISTICAL DATA FOR PHOTOCHROMISM STUDY
Table 21. Standard Error of Y in X Calculation,
n = Number of Readings Taken
X = Number of Exposures
Y = Density or Fade Time
, _
EX. EY. - EX.EX.Y.










Zy. - b Ey. - bnEX.Y.
i o i 111
n-2
161
Table 22. ANOVA Tables for Weight of Components in Fatigued










Sum of Degrees cif
Source Squares Freedom Mean Squares F Test
Total 0.6860 24
Regression 0.0008 1 0.0008 0.0 3 NS
Residual 0.6852 23 0.0298
Pure Error 0.0229 9 0.0025
Lack of Fit 0.6623 14 0.0473 0.05 NS
Lack of fit and slope are not significant.








Source Squares Freedom Mean Squares F Test
Total 0.1126 24
Regression 0.0024 1 0.0024 0.51 NS
Residual 0.1101 23 0.0048
Pure Error 0.00009 9 0.00001
Lack of Fit 0.1092 14 0.0078 0.008 NS













Source Squares Freedom Mean Squares F Test
Total 0.0313 24
Regression 0.0094 1 0.0094 9.80 **
Residual 0.0219 23 0.0010
Pure Error 0.0051 9 0.0006
Lack of Fit 0.0168 14 0.0012 2.12 NS
Lack of fit is not significant.
Slope is significant at a 0.0$ alpha level
rurx-
Eil\uJl r STATISTICAL DATA FOR SOLVENT EFFECTS
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Table 23. ANOVA Tables for Solvent Conditions on Malachite Green,
Error sum of squares obtained by pooling non-significant
terms .
** -
Significant at 0.05 alpha level
* -
Significant at 0.10 alpha level
1. Maximum Density of First Exposure








Source Sum of Degrees of Mean F Test
Squares Freedom Squares
Temperature 0.168 1 0,,168 11.02 **
Humidity 0.572 1 0,.572 37.51 **
HxO 0.157 1 0,,157 10.30 **
Error 0.061 4 0,,015
2. Fade Time of First Exposure





































Density Loss After 200 Exposures








Source Sum of Degrees of Mean F Test
Squares Freedom Squares
Humidity 0.072 1 0.072 17.51
**
Oxygen 0.011 1 0.011 2.67 NS
HxO 0.045 1 0.045 10.64 **
Error 0.016 4 0.004
Fade Time Difference After 200 Exposures














































Table 24. ANOVA Tables for Solvent Conditions on Crystal Violet,
1. Maximum Density of First Exposure
































Fade Time of First Exposure










































Table 24 (continued) .
Density Loss After 80 Exposures


























































Fade Time Difference After 80 Exposures
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